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ARTICLE INFO Abstract

Keywords: Among the factors influencing the degradation of the spent nuclear fuel cladding in interim dry
Non-ionising energy loss storage, the irradiation history and the average burnup at discharge must be considered. In fact,
Displacements per atom due to the pellet-cladding contact particularly affecting high burnup fuels, the inner surface of
FLUKA the cladding becomes increasingly exposed to the damage caused by the alpha decaying actinides
Dry interim storage present at the rim of the pellet. Moreover, due to the low temperature conditions characteristic
Spent nuclear fuel of the interim dry storage, thermal recombination of the produced defects is not expected to
Zircaloy-4 occur. Here, we investigate the irradiation damage accumulated inside an irradiated Zircaloy-4
Zirconia layer cladding 32, 55 and 100 years after the end of irradiation and discharge from the reactor core. The

considered cladded UO, pellet belongs to a Pressurised Water Reactor (PWR) fuel rod consisting
of five segments and having an average burnup at discharge of 50.4 GWdt;I{A. The calculations
performed with Fluka 2021.2.0 Monte Carlo code show that the volume mostly affected by the
irradiation damage corresponds to the ZrO, layer formed between the pellet and the cladding.
The actinides which are responsible for the alpha damage are mainly >*?Cm, 2**Cm, ?*'Pu and
238py. The recoiling daughter nuclei during the alpha decays produce irradiation damage only
within the first gm of oxide layer.

1. Introduction

After several years of service in a Light Water Reactor (LWR) and successive cooling in a water pool, spent nuclear
fuel (SNF) assemblies are loaded into shielded storages casks or dual purpose casks for interim dry storage in several
countries such as Belgium, Czech Republic, Germany, Lithuania, South Africa, Spain, Switzerland, Ukraine or United
States of America [1-13] . During storage, the SNF experiences auto-irradiation and helium accumulation [14, 15]
caused by the alpha decays of the actinides present, in particular, at the periphery of the pellet.

This phenomenon is relevant for high burnup UO, fuel, which contain high concentration of a-emitting actinides in
the rim of the pellet. Moreover, high burnup fuels are characterised by larger volumes due to the swelling caused by
the porosity increase, together with the precipitation of insoluble solid fission products and noble fission gases. This
in-reactor matrix volume expansion is about 0.8%- 1% per 10 GWdtI;I{/I [16-18]. The nuclear fuel swelling causes the
pellet to enter in contact with the cladding originating pellet-cladding chemical and mechanical interactions (PCI):
the fuel becomes progressively bonded to the cladding while oxygen migrates from the pellet to the Zircaloy and an
oxide layer progressively forms. Different studies have documented the nature of this oxide layer, finding mainly the
existence of ZrO, in monoclinic, tetragonal and/or cubic phases [19-25]; strong pellet-cladding bonding through the
oxide layer is observed in high burnup fuels [20-22, 25].

After the end of irradiation (EOI) in nuclear reactor, the volume of the fuel is subjected to further increase as a
consequence of the accumulation of helium in the fuel matrix plus the expansion of the lattice parameter induced
by the alpha damage [14, 15, 26-29]. For high burnup fuels, this additional swelling is prone to worsen the stress
borne by the cladding [14] and exposes its inner surface to irradiation damage and defects accumulation.

As the high burnup SNF temperature in interim dry storage slowly decreases from a peak value (at maximum ~ 670
K) to about 450 K and 400 K in, respectively, 40 and 100 years [30-32], thermal annealing of the auto-irradiation
induced defects is not expected. In contrast, significant recovery of in-reactor produced defects can be enabled by the
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peak temperature [33].

To the authors’ knowledge, only a few studies are devoted to the pellet-cladding interface and the impact of the
irradiation damage in this area.

Gibert in [34] reports the presence of tetragonal ZrO, in the inner surface of the cladding, for a sample extracted from
a PWR fuel rod with average burnup of 20 GWdtﬁ;/[. Nogita and colleagues [21] observe a cubic zirconia layer for
two low burnup fuels; they attribute the lack of monoclinic zirconia (the stable phase for the considered pressure and
temperature conditions) to the stabilisation of the cubic phase by fission damage.

Ciszak et al. in [23] perform micro-Raman investigations of the interaction layer existing between a PWR UO, fuel
and a low tin Zircaloy-4 cladding (average burnup 58.7 GWdtﬁﬁ,[). Here, we identify a zirconia layer of about 15
pm subdivisible in four regions moving from the fuel to the Zircaloy-4: the zone of the cubic zirconia (close to the
fuel), tetragonal, monoclinic and a tetragonal phase with signs of irradiation damage. The cubic/tetragonal phases are
considered to be stabilized by the fission recoils from the fuel, however, they suggest also irradiation damage as playing
arole in the stabilisation process.

In [23] the age of the sample is not reported, however, partial recovery of the defects after removal from the water pool
and subsequent auto-irradiation damage cannot be completely excluded.

The determination of the irradiation damage produced at the pellet-cladding interface and the interplay among different
physical-chemical parameters (e.g., zirconia phases, hydrides content and their morphology in the cladding) are of
paramount importance to predict the cladding physical-mechanical properties and SNF structural integrity during dry
interim storage and beyond.

The degradation of the above-mentioned properties can induce the cladding to fail, which represents a matter of concern
by considering its role of first barrier against the release of radionuclides. The integrity of the SNF must be ensured
during discharging from the nuclear reactor, when transported and placed in interim dry storage, in case of extended
interim dry storage [35, 36] and finally during the transfer from interim dry storage to final disposal in a geological
repository.

The present article focuses on the irradiation damage produced in a Zircaloy-4 cladding by the actinides decays during
the time elapsed after the EOI. A forecast of the irradiation damage accumulated at years 55 and 100 after the end of
irradiation is equally provided. For the calculation, the FLUKA Monte Carlo code is used.

2. Material

The present work considers a UO, cladded pellet belonging to a fuel rod constituted of five segments and irradiated
in the PWR Gosgen (KKG, Switzerland). The fuel, discharged in May 1989 after 1226 effective full power days, is
characterised by an average burn-up of 50.4 GWdtI;I{/[ [37]. The pellet under study belongs to a region of the segment
displaying a very flat gamma activity profile (see Figure 1), hence an almost constant average burnup [38]. The reported
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Figure 1: Profile of the y activity for the considered fuel rod segment. The activity of 3Cs is represented by the blue line;
the mean gamma rate is represented by the dark red line on the top. Figure adapted from [38]

initial Zircaloy-4 cladding internal and external diameters are, respectively, 9.28 mm and 10.75 mm. Measurements
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performed after 20-30 years from the end of irradiation (in the present measurements campaign and in [38]) display
external diameter values within the range 10.66-10.90 mm; for the simulation the initial external diameter of 10.75
mm is chosen. Due to the lack of precise knowledge of the Zircaloy-4 composition for the fuel rod under study, the
standard Zircaloy-4 composition in Table 1 is considered, according to [39, 40]. Here, the chosen Sn content is the
minimum reported value in [39]. The density of the Zircaloy-4 is considered to be 6550 kg m™3 [41].

Table 1
Content of alloying elements (weight %) used in the simulations for the studied Zircaloy-4.

Sn Fe Cr 0]
12% | 024% | 0.13% | 0.16 %

Post-irradiation examinations of this specific segment are ongoing; thus, the extent of ZrO, at the pellet-cladding
interface is still unknown. To estimate the ZrO, thickness, the scanning electron microscope image in Figure 2 (c),
acquired in the nineties of last century on a sample from a twin segment (Figures 2 (a) and (b)) [42], was analysed by
means of Fiji 1.53f51 [43]. According to the analysis, the zirconia layer is approximatively 15 pm thick; this value is
perfectly consistent with results reported by Ciszak et al. [23] for a PWR fuel with comparable average burnup.

For the ZrO, layer the theoretical density of the cubic structure is chosen (6081 kg m~3 [44]), since it is contained
between the two limiting values of monoclinic and tetragonal zirconia theoretical densities [45].

Zircaloy-4 Zircaloy-4
> Zr0O, .

g P R R b

Spent nuclear fuel

Figure 2: Scanning electron microscope micrographs of a sample extracted from a twin fuel rod segment (adapted from
[42]). (a) Cross section (b) and (c) Higher magnification images depicting the interface between the Zircaloy-4 cladding
and the uranium dioxide pellet. The images show a layer of about 15 um of thickness between the pellet and the Zircaloy-4
cladding attributable to the zirconia layer.

3. FLUKA simulations

The FLUKA Monte Carlo code is a particle physics simulation package for particle transport and interaction with
matter.
The code is applicable to a wide range of fields and can simulate about 60 different particles, including photons,
electrons (from 1 keV to thousands of TeV), and hadrons of energies up to 20 TeV [46, 47]; the emitted radiation from
unstable residual nuclei can be tracked online. This code can be coupled with FLAIR graphical user interface [48]
which enables the user to define the input file, where materials, geometry, particle type/energy and the scoring mesh
can be defined, together with the number of primaries and cycles.
FLUKA can use radionuclides as sources and simulates their decays in two manners: a) by analytically solving the
Bateman equations b) by performing a semi-analogue simulation; i.e, the code randomly samples the nature of the
decay and the corresponding decay times following the modus operandi of Monte Carlo with all unstable nuclei. The
particles emitted during the decay are transported together with the other secondaries [49].
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Currently, if the radionuclide is chosen as source (beam), the analytical solution option cannot be activated, hence, in
the present work, irradiation damage caused by the actinides as sources is obtained by selecting the semi-analogue
mode; the correct cooling time is set through the option TCQUENCH, which interrupts the scoring at the desired time
interval. The code does not transport the daughter nucleus after the radioactive decay, but only the heavy ions produced
in the prompt part of the simulation contribute to the damage calculations. Thus, the contribution of the daughter nuclei
is herein included by simply selecting a beam of daughter nuclei; the results is then normalised by taking into account
the number of alpha decays occurred within the timeframe of interest (the details are offered in section 5).

Transport and in-flight decay of excited residual nuclei are enabled. The simulations are executed for five cycles
with 250000 primaries except for 2**Am and 2*?Pu, which have 500000 and 1 000 000 primaries, respectively. The
calculations are performed with FLUKA 2021.2.0 interfaced with FLAIR 2.3-0 through a Linux Ubuntu operating
system.

4. Irradiation damage

Radiation interacting with a crystalline material can produce defects in its lattice which are classifiable in two
macro-categories: point defects (e.g, missing/incorrectly positioned atoms) and extended defects (e.g, dislocations,
grain boundaries, precipitates or voids) [50]. These defects are a consequence of the energy transferred by the projectile
to the target during the physical interaction.

Generally, particles penetrating matter with energy greater than ~100 eV [51] lose energy either by exciting and
ionising atomic electrons or by colliding with the material nuclei and partially inducing displacements of atoms from
their original site. These displacements are the main responsible for the damage occurring in the target.
To quantify the second of the above-mentioned processes the non-ionising energy loss concept (NIEL) was introduced
[52]. The NIEL depends upon the Lindhard partition function £(7") which is in turn defined by the ratio between nuclear
and total stopping powers. However, the non-ionising energy losses below the material threshold displacement energy
(E,;,) generate phonons and do not lead to material damage; furthermore, ballistic recombinations of produced defects
are a realistic scenario [53, 54].
The measure mostly used to quantify irradiation damage is the displacements per atom (dpa). According to the NRT
model [55] the dpa can be calculated as [54]:

A EnT

0.8

dpa =
Nap 2E,,

ey

where A and p define, respectively, the molar mass and the density of the material, N 4, the Avogadro number, T the
kinetic energy of the primary knock-on-atom (the first atom colliding with the projectile) and E,, the displacement
damage threshold. The NRT model considers binary collisions where energy transfer cross-sections can be derived
from the hard-sphere model and the energy is not deposited in the lattice. The factor 0.8 in equation 1 represents the
displacement efficiency and takes into account the possibility of ballistic recombination of defects within the cascade
[56].

The dpa calculated according to the NRT model, is based on the unrestricted in energy nuclear stopping power and
considers also recoils with kinetic energy smaller than the damage threshold. Moreover, the displacement efficiency is
in reality dependent on the kinetic energy T, in particular when T' > 2 keV [54]. As a result, the NRT-dpa represents an
over-prediction of the produced stable defects: as the primary knock-on atom energy increases, the density of Frenkel
defects (vacancies and interstitials) tends to be higher inducing important recombination events once the cascade atom
energies are below the displacement damage threshold [57].

For a more realistic physical description, FLUKA implements a correction factor for the displacement efficiency which
takes into account the larger recombination probability of defects at higher kinetic energies and uses the restricted in
energy nuclear stopping power, disregarding the recoils with T' < E,, [54].

5. Displacements per atom calculation

The geometry used in the simulation is schematised in Figure 3 and represents a nuclear fuel pellet having 11.5
mm of height, surrounded first by a zirconia layer 15 pum thick (black lines in 3) and by a second layer representing
the Zircaloy-4 cladding (white areas). In the calculation, the penetration of the ZrO, in the fuel, as reported in [25], is
considered to be 5 ym, while the zirconia penetration in the cladding is 10 #m; hence, the thickness of the Zircaloy-4
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metallic wall is accordingly reduced.

The threshold displacement energy is set to 40 eV for Zr, Fe, Cr [58, 59] and 20 eV for O and Sn [15, 59, 60]. Concerning
the properties of the UO,, the density of the rim, due to the high burnup structure [61, 62], is entered in the input file
as 0.75 times the UO, theoretical density (10960 kg m~2). The correction factor is derived by inserting a fractional
porosity (p) of 0.21 reported in [63] in the empirical correlation introduced in [18, 64]:

p=10960 (1 — 8 - 10™*burnup) (1 — p) @

where the burnup is expressed in GWdtﬁlld.

The actinides activity concentrations at the EOI were mainly extracted from the radiochemical analyses of specimens
sampled from the rim zone of the twin segment reported in [65]; in particular 2*8Pu, 23°Pu,2*!'Pu, 2! Am, 2*’Cm
and 2**Cm. The activity concentrations of 240Pu, 242Pu, 243Am, 243Cm, 245Cm and 2**Cm were obtained by using
Webkorigen [66, 67] in NUCLEONICA [68]. In the latter case the activity concentration is not specific to the periphery
of the pellet, hence represents an estimation of the possible actual values.

The activities of the radionuclides were normalised to the mass of heavy metal in the last 50 ym of the pellet rim.
The contribution of the recoiling nuclei to dpa was considered by using the same geometry and a beam of daughter
nuclei: here, the dpa was successively normalised to the number of alpha decays occurred in the specific time frame
weighted for a 0.5 probability of recoiling in the target direction.
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Figure 3: Schematic of geometry used in the present work to simulate the nuclear fuel pellet object of study. The orange
central area represents the UO, nuclear fuel, the white areas indicate the Zircaloy-4 cladding, while the two black slices
between Zircaloy-4 and the UO, pellet constitute the ZrO, oxide layer. The void (in green) surrounds the cladded pellet.

The number of alpha decays during ~32, 55 and 100 years was obtained by means of Decay Engine++ of
NUCLEONICA [68].
A comparison between the alpha spectra of two sample actinides, i.e., 2®Pu and 2**Cm, is enabled by Figures 4 and 5.
Here, it emerges that albeit the majority of scored alpha particles are in the energy range 3 - 5.5 MeV in both cases,
244Cm produces a higher number of alphas per primary in the 5.5 - 9 MeV interval. Moreover, the maximum alpha
energy for the considered Cm isotope is 8.9 MeV deriving from the 2!2Po decay, whilst for the >**Pu decay chain is
7.7 MeV from 2!#Po. In this context, a larger penetration in the target of the irradiation damage is expected from the
decay of >**Cm with respect to 238Pu.
Depicted in Figure 6 are the dpa produced at the pellet-cladding interface/inner surface of the cladding, after 32 years
of storage, by the alpha-decays of Am, Pu and Cm isotopes, taking into account their inventory at the EOI. In these
calculations, the effects of the recoiling daughter nuclei are not included.
The three graphs of Figure 6 highlight the larger irradiation damage (in terms of dpa) produced by the Cm isotopes
with respect to Pu and Am isotopes; in particular, the dpa produced by the Pu isotopes are about 650 times larger than
those due to Am and 26 times smaller than dpa produced by Cm isotopes, in the first dozens of micrometres. The
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Figure 4: Spectrum of the alphas per primary in the zirconia layer originated by the **®Pu decay. Detector 1 defines the
ideal detector collecting the different alpha particles.
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Figure 5: Spectrum of the alphas per primary in the zirconia layer deriving from the 2**Cm decay. Detector 1 defines the
ideal detector collecting the different alpha particles.

main contribution to damage in 32 years derives from 2*?Cm and >**Cm. The penetration of the irradiation damage
in depth covers mainly the zirconia layer and only in the case of Cm isotopes extends beyond in the Zircaloy-4 material.

The dpa calculated in the frame of the present simulation represent more realistic values in comparison with the
dpa inferable from the NRT theory. However, the NRT theory dpa can be obtained by using the deposited, unrestricted,
non-ionising energy losses (NIEL-DEP in the code) in equation 1. Figure 7 shows the NIEL-DEP values for the
radionuclides producing significant dpa.
22Cm and **Cm deposit the largest fraction of unrestricted non-ionising loss: they present both the highest NIEL-DEP
per primary together with a large concentration in the rim. The large concentration of 2*'Pu in the rim is responsible
for its higher deposition of non-ionising energy losses in comparison with 2! Am or 233Pu; as expected by observing
the decay chain, >! Am and ?*'Pu show comparable NIEL-DEP per primary.
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Figure 6: Displacements per atoms (dpa) produced at the pellet-cladding interface/ inner surface of the cladding in 32
years of storage. (a) dpa due to the alpha decays of 2**Am and ?**Am (b) dpa caused by the alpha decays of the 2*3Pu,
B9py, 249%py, 24Py and 2*?Pu. (c) dpa produced by the alpha decays of the 2**Cm, with 2 < x < 6). The fractional radial
positions are measured from the edge of the UO, pellet.

A forecast of the irradiation damage in terms of dpa produced 55 and 100 years after the EOI is presented in Figures 8
and 9.
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Figure 7: Unrestricted, non-ionising, energy loss deposited (NIEL-DEP) at the pellet-cladding interface/inner surface of
the cladding in 32 years of storage. NIEL-DEP due to decays of: (a) ***Pu, (b) ***Pu, (c)**'Am, (d) ***Cm and (e) ***Cm.
The fractional radial positions are measured from the edge of the UO, pellet.

Marchetti et al.:

Preprint submitted to Elsevier

Page 8 of 15



irradiation damage in Zircaloy-4 cladding

Radial position / um Radial position / pm
0 4 8 12 16 20 0 4 8 12 16 20
-5 . I dpa Am : E_JdpaPu
1.2x10 Oxide layer (55 years) 8.0x10° Oxide layer (55 years)
1.0x107° =
6.0x1073 1+
8.0x107° =
© © =
S =
T 6.0x10°° B 40x10° 4
4.0x10° |
2.0x107° 4
2.0x107° =
= .
0.00 0.01 0.02 0.03 0.0 0.03
Fractional radial position Fractional radial position
@ (b)
Radial position / um
0 4 8 12 16 20
Oxide layer R dpa Cm
0.104
N (55 years)
0.08 NN
N
0.06 N
w 0.06 + N
) N
N
0.04 - N
N
N
0.02- N
0.00 EEN@“

0.000 0.005 0.010 0.015 0.020 0.025 0.030
Fractional radial position

©

Figure 8: Displacements per atoms (dpa) produced at the pellet-cladding interface/ inner surface of the cladding in 55
years of storage. (a) dpa due to the alpha decays of >**Am and ***Am (b) dpa caused by the alpha decays of the ***Pu,
239py, 240py, 241py and 2*?Pu. (c) dpa produced by the alpha decays of the **Cm, with 2 < x < 6). The fractional radial
positions are measured from the edge of the UO, pellet.

dpa(Pu) . . dpa (Cm)
pa(Am) increases to about 800 whilst paPu)

variation is even more pronounced since da®w) - 960 and LLUEM | 8 The effect is consistent with the 24'Am
dpa (Am) dpa (Pu)

build-up occurring between 32 and 100 years caused by the *'Pu beta decay, while the observed decrease in the ratio
between dpa (Cm) and dpa (Pu) is explainable with the decline of the alpha activities of all the Cm isotopes with the
exception of 2**Cm and 2*Cm (see Figure 10).

During the alpha decay, the He nucleus loses its energy mainly by ionisation and excitation processes in the target; only
a small fraction of energy losses is available for elastic nuclear collisions and atom displacements. On the contrary, the
heavy daughter nucleus has a recoiling energy of rn;—l‘; - T, ~90 - 100 keV (m stands for mass, D for daughter), which is

At the second time step, drops to about 14. In the year 100, this

primarily lost in elastic nuclear interactions. The consequence is a very high number of displacements produced by the
recoiling daughter nuclei; nonetheless, this process takes place in a range shorter than 50 nm. Therefore, the dpa caused
by the recoiling nuclei are computed only in the first ym of the zirconia layer, namely the first bin for the calculation.
Table 2 illustrates the dpa induced by the recoiling daughter nuclei in the first region: dpa increases between 32 and
55 years in a fashion that is almost perfectly mirrored in the interval between 55 and 100 years, namely a dpa rise of
~ 50 % occurs between each time step.
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Figure 9: Displacements per atoms (dpa) produced at the pellet-cladding interface/ inner surface of the cladding in 100
years of storage. (a) dpa due to the alpha decays of **Am and ?**Am (b) dpa caused by the alpha decays of the ***Pu,
239py, 249py, 241py and 2*?Pu. (c) dpa produced by the alpha decays of the ***Cm, with 2 < x < 6).The fractional radial
positions are measured from the edge of the UO, pellet.

Table 2
Total dpa produced by the recoiling daughter nuclei of Am, Cm and Pu isotopes at 32, 55 and 100 years after the EOI
calculated in the first gm from the fuel pellet edge.

32 years 7.17 - 1073 +0.02 - 1073
55 years | 1.08 - 102 +0.01 - 1072
100 years | 1.66 - 1072 +0.01 - 1072

The values of Table 2 are added to the dpa generated mainly by the alpha decays in Figure 11, simultaneously for
the three considered time intervals. Excluding the first bin of 1 um, the displacements per atom increase induced by
alpha auto-irradiation is about 90 % between 32 and 55 years and 120 % between 55 and 100 years. The first ym is
subjected to the additional damage caused by the recoiling daughter nuclei, however, this damage might extend more
in depth due to the real interpenetration between the ZrO, and the UO, at the pellet-cladding interface observed in high
burnup fuels [25]. Notwithstanding the fall in the alpha activities of *Cm and 2**Cm, the displacements per atom
generated at the level of the Zircaloy-4 are 70 % higher after 55 years in respect of 32 years and 80 % higher after 100
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years in comparison with the intermediate time interval: the irradiation damage at the level of Zircaloy-4 continues
to accumulate during the time frame of interest for the interim dry storage (particularly for the extended interim dry
storage). The irradiation damage produced by non-ionising energy losses and expressed in terms of dpa penetrates the
pellet-cladding interface and inner surface of the cladding for less than 2.5 % in depth in each considered time interval.
This is reasonable if one considers that alpha particles and heavy ions lose most of the energy in a very short range;
however, the number of displacements and irradiation damage produced in this area is significant and might lead to
physical-chemical alterations in the considered material.

238 239 240 241 242 241
—<— "Pu —%—""Pu —v Pu Pu —©0—""Pu—4A—""Am
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Figure 10: Alpha activity during 100 years calculated by DECAY ENGINE++ for the ***Am, 2*3Am, #*®Pu - 2*?Py and
24xCm with 2< x < 6 inventory in the considered nuclear fuel pellet.

6. Conclusions

In the present work the displacements per atom (dpa) produced at the pellet-cladding interface/inner surface of
the cladding, during 32, 55, 100 years of SNF storage, are calculated by means of FLUKA 2021.2.0 Monte Carlo
code. First, the code presents the advantage of accurately calculating the dpa by accounting for recombination effects
and their dependence on the kinetic energy of the primary knock-on atom. Second, FLUKA correctly disregards the
recoiling particles possessing kinetic energy below the threshold damage energy. The displacements per atom generated
by alpha, beta particles and heavy ions, produced in the prompt part of the simulation, can be directly scored by the
code; nonetheless, the daughter nuclei in the radioactive decay are not transported and the dpa in the target deriving
from this component of the radioactive decay is separately estimated.

The simulations pinpoint that in 32 years the largest non-ionising energy losses are deposited by 2*?Cm and ***Cm,
followed by 2*'Pu, 238Pu, and 2*! Am. The high concentration of **'Pu in the periphery of the pellet determines its
generally significant contribution to the deposited non-ionising energy losses.

The irradiation damage reported in terms of displacements per atoms is mainly produced at the level of zirconia layer
at the pellet-cladding interface and penetrates in the Zircaloy-4 material only as a consequence of the Cm isotopes
decay, as expected by qualitative comparing the alpha spectra of 2*®Pu and **Cm. This penetration does not exceed
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Figure 11: Total dpa calculated by summing the dpa produced by all the radio-isotopes considered in the present
simulation.The black bars refer to the year 32, the green bars indicate the year 55 whilst the light pink bars define
the year 100. The first bar considers also the dpa produced by the recoiling daughter nuclei.

2.5 % of thickness, starting the measurement from the uranium dioxide pellet border.

Comparisons performed between the three time intervals indicate that the contribution to displacements per atom of
22Cm and ***Cm decreases with time due to their progressive decay, while the contribution of 2*'Pu rises due to the
continuous accumulation of *! Am in the decay chain.

By analysing the accumulated total dpa after 32, 55 and 100 years, one can affirm that in general the damage
significantly augment by ~ 90 % of the initial value between the first and the second time step and ~ 120 % between
55 and 100 years; considering the absolute values, the majority of displacements are occurring in the last 45 years.
The determination of the irradiation damage in terms of dpa is important to understand the evolution of the physical-
chemical and, consequently, mechanical properties of the cladding under interim dry storage, particularly focusing on
the critical area of the pellet-cladding interface, where physical, chemical and mechanical interactions take place.

As observed by the authors in the open literature [20, 23, 24, 34], the inner ZrO, presents structures that are not
normally stable under the temperature and pressure conditions of the examinations (i.e., cubic and tetragonal phases).
One can assume that recoiling atoms acting as dopants and irradiation damage produced after the EOI could contribute
to the preferential stabilisation of one zirconia structure over the other.

Concerning the mechanical properties variation in the inner surface of the cladding, it is important to stress that the
type of damage cannot be directly inferred from the dpa level, since the type of damage is also correlated to the local
temperature induced by the projectile interaction. In particular, this local temperature might increase when energy
is predominantly lost due to electronic stopping. However, the present study considers particles having comparable
energies and masses: the above-mentioned possible difference can be attributed to alpha particles versus recoiling
daughter nuclei and it is negligible beyond the first ym in depth in the zirconia layer.

Post irradiation examinations of the pellet-cladding interface will single out the physical/mechanical properties
variation correlated to the irradiation damage level reached 32 years after the EOL
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